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Abstract A Raman depolarization lidar was deployed at Cape Grim, Australia (40.7∘S, 144.7∘E), at the
northern edge of the Southern Ocean from July 2013 to February 2014 from which we determine cloud
boundaries, cloud phase, ice virga, and cloud eﬀective top heights. We compare surface-based lidar with
results from the raDAR/liDAR (DARDAR) data set within 1,000 km of Cape Grim. DARDAR combines
information from the CloudSat and Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instruments.
We extract single-layer clouds that are suﬃciently thin for signal to be present on the farside of the cloud
and which have a liquid cloud top phase. These conditions maximize the likelihood that both surface-based
lidar and DARDAR are observing the full vertical extent of the same clouds. Diﬀerences in low-level
cloud occurrence frequencies for these single-layer clouds reveal that DARDAR underestimates cloud at
0.2–1.0 km altitude by a factor of 3 compared with the surface-based lidar. When multiple cloud decks are
present, the underestimate in this altitude region is around 2.5 times. Heterogeneous glaciation observed
by the Cape Grim lidar in midlevel stratiform supercooled water clouds is similar to that reported by
previous surface-based observations adjacent to the Southern Ocean, with half of these clouds precipitating
ice at cloud top temperatures of −20∘C. This transition occurs around −15∘C in the DARDAR data set, and
this diﬀerence is likely due to the reduced sensitivity of surface-based lidar in detecting precipitating ice
compared with what a surface-based radar could observe.
1. Introduction
The SouthernOcean is one of the cloudiest places on earth, as a result of the continuous passage of extratrop-
ical cyclones and their associated frontal cloud systems (Stubenrauch et al., 2013). Low clouds are particularly
dominant over the Southern Ocean when compared with other regions. Yet clouds over the Southern Ocean
remain poorly understood and thus poorly represented in reanalyses and coupled climate models (Bodas-
Salcedo et al., 2016; Fletcher et al., 2016; Grise et al., 2015; Haynes et al., 2011; McCoy et al., 2016; Naud
et al., 2014; Trenberth & Fasullo, 2010). Model simulations indicate large Southern Ocean cloud and radiation
biases compared with observations: too much shortwave radiation is absorbed in this region, which induces
warm sea surface temperature biases (Grise et al., 2015; Trenberth & Fasullo, 2010). This radiative bias inter-
acts with the location of the tropopause jet in climate models (Ceppi et al., 2012, 2014). Model simulations
and reanalyses suggest that a major contributor to this bias is a lack of clouds in the cold sectors of cyclones
(Bodas-Salcedo et al., 2014). The few climate models that have the correct zonal mean reﬂected shortwave
radiation in the Southen Ocean region do so through compensating errors. In the warm sectors of the
cyclones, these models have high clouds that are too reﬂective (Bodas-Salcedo et al., 2014).
Satellite retrievals over the Southern Ocean indicate a higher frequency of occurrence of multilayer mixed-
phase clouds than at similar northern latitudes (Ceppi, Hartmann, & Webb, 2016; Ceppi, McCoy, & Hartmann,
2016; Choi et al., 2014; Huang et al., 2014; Komurcu et al., 2014; Marchand et al., 2009; McCoy et al., 2014, 2015,
2016;Morrison et al., 2011; Storelvmoet al., 2015; Tan et al., 2016; Tan& Storelvmo, 2016; Tsushima et al., 2006).
The higher occurrence of these clouds, which contain supercooled liquidwater (SLW) droplets,may play a role
in the overall shortwave radiation bias present in climate models (Atkinson et al., 2013; Murray et al., 2012).
At temperatures between −40∘C and 0∘C, heterogeneous freezing takes place to form ice clouds. Ice forma-
tion occurs on aerosol particles which act as cloud condensation or ice nuclei. The proportion of cloudswhich
glaciate at a given temperature is partially a function of aerosol loading and varies depending upon location.
RESEARCH ARTICLE
10.1002/2017JD026552
Key Points:
• We quantify the fraction of low-level
clouds using lidar and the DARDAR
satellite data product at the northern
edge of the Southern Ocean
• DARDAR underestimates low-level
cloud occurrence (0.2-1.0 km altitude)
by a factor of 3 compared with
surface lidar
• A 5∘C diﬀerence between lidar
and DARDAR T at which half the
supercooled clouds glaciate is
consistent with NH results.
Correspondence to:
S. P. Alexander,
simon.alexander@aad.gov.au
Citation:
Alexander, S. P., & Protat, A. (2018).
Cloud properties observed from
the surface and by satellite at the
northern edge of the Southern
Ocean. Journal of Geophysical
Research: Atmospheres, 123, 443–456.
https://doi.org/10.1002/2017JD026552
Received 23 JAN 2017
Accepted 29 NOV 2017
Accepted article online 6 DEC 2017
Published online 9 JAN 2018
©2017. American Geophysical Union.
All Rights Reserved.
ALEXANDER AND PROTAT SOUTHERN OCEAN CLOUDS 443
Journal of Geophysical Research: Atmospheres 10.1002/2017JD026552
A higher proportion of supercooled liquid water clouds exist at lower temperatures in environments that are
less polluted (Atkinson et al., 2013; Hu et al., 2010; Kanitz et al., 2011;Murray et al., 2012; Tan et al., 2014;Wilson
et al., 2015).
The CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) instrument on board the CALIPSO (Cloud-
Aerosol Lidar and Infrared Pathﬁnder Satellite Observations) satellite (Winker et al., 2007) provides vertical
proﬁles of lidar backscatter and depolarization. CALIOP collects data at 1,064 nm and at 532 nm, at which
wavelengths it is sensitive to backscatter by spherical liquid droplets and ice crystals. CALIOP separates cloud
phase according todiﬀerent relationships between layer-integratedbackscatter anddepolarization at 532nm
(Hu et al., 2009). Lidar can easily detect optically thin clouds (those with optical depths less than around 3),
but it is incapable of penetrating thick clouds as the lidar signal is rapidly attenuated. CloudSat ﬂies in the
same satellite constellation as CALIPSO (the A-Train) and has a cloud-proﬁling radar (CPR) operating at 94 GHz
(Stephens et al., 2002). The CPR has lower sensitivity than CALIOP for optically thin liquid and ice clouds and
has diﬃculty resolving boundary layer clouds due to ground clutter. On the other hand, the radar signal can
penetrate optically thick clouds. CloudSat has operated in daylight-only mode since 2011.
To combine the strengths of theCALIOP andCloudSat satellite data products to obtain amore complete cloud
climatology, Delanöe and Hogan (2010) developed the raDAR/liDAR (DARDAR) algorithm. DARDAR pro-
vides vertically resolved proﬁles of cloud phase, including supercooled liquid water andmixed-phase clouds.
The DARDAR algorithm determines cloud ice properties and identiﬁes supercooled liquid water clouds by
using the strong backscatter from the CALIOP lidar signal, and ERA-Interim reanalysis temperatures. Mixed-
phase clouds are identiﬁed by DARDAR when both radar and lidar return signals are apparent (Delanöe &
Hogan, 2010). DARDAR classiﬁes regions as “unknown”when the lidar signal is extinguished but there is likely
cloud present in the radar data. As such, DARDAR, and indeed any combined radar-lidar satellite product
usingCALIOPandCloudSat, underestimates cloudoccurrencebelow1.5 kmaltitude (Protat et al., 2014). Given
the ubiquity of low-level clouds over the Southern Ocean (Haynes et al., 2011, 2012), this would be a consid-
erable limitation on the usefulness of the DARDAR data set in the boundary layer in this region of the world.
Surface-based lidar observations indicate the prevalence of liquid clouds adjacent to the Southern Ocean at
temperatures lower than−25∘C (Kanitz et al., 2011). While the combination of satellite radar and lidar permits
a more accurate quantiﬁcation of cloud phase throughout the atmosphere, there remains a high degree of
uncertainty of this phase below cloud top height and in the presence of multiple cloud decks (Mace, 2010).
Thus surface-based observations are required to provide information on cloud thermodynamics in the lower
troposphere,which is especially necessary in thedata-sparse SouthernOcean region. Surface-based radars can
readily detect large ice particles that appear in low numbers but have diﬃculty detecting liquid droplets that
are small but numerous (Protat et al., 2006, 2010). Conversely, surface-based lidars easily detect liquid water
layers, which appear strongly in lidar backscatter proﬁles (Illingworth et al., 2007). However, the lidar signal is
severely attenuatedby the liquidcloud layers (Delanöe&Hogan, 2010). Thus, the combinationof surface-based
radar and lidar is particularly useful in validating satellite retrievals (Protat et al., 2010). Nonetheless, a surface-
based lidar alone still provides valuable evaluations of satellite retrievals as we will demonstrate below.
Validationof satellite cloudproducts is particularly important in theSouthernOceangiven theubiquityof low-
level clouds and the paucity of surface data (Haynes et al., 2011; Marchand et al., 2010; McCoy et al., 2014).
Indeed, few in situ or surface-basedobservations of clouds have occurred aboveor in the vicinity of the South-
ernOcean. Two in situ research ﬂights over the SouthernOcean found relatively large amounts of supercooled
liquid water and little ice at temperatures down to −22∘C (Chubb et al., 2013). Recent case studies of post-
frontal clouds near Tasmania incorporated surface-based lidar data from Hobart (43∘S) with in situ aircraft
ﬂights and CALIPSO satellite data to evaluate the performance of a forecast model (Huang et al., 2015). Lidar
observations of clouds during short campaigns (duration of a few months at most) have been performed on
board a ship and at the bottom of South America and South Africa (Kanitz et al., 2011). Nonetheless, a quan-
tiﬁcation of cloud parameters and satellite validation remains elusive in the Southern Ocean. The objective of
this paper is to begin to ﬁll these gaps in our knowledge by investigating the structure, phase, and occurrence
frequency of clouds observed by a surface-based lidar at Cape Grim (40.7∘S, 144.7∘E), which is located at the
northern edge of the Southern Ocean.
The paper is organized as follows. In section 2, we present a description of the Cape Grim lidar instrument and
describe the details of the cloud boundary detection algorithm. Cloud phase detection is also described in
this section, alongwith the conditions required for identifying virga. We describe our use of the DARDAR data
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Figure 1. The location of Cape Grim (light blue circle) along with the
locations of the DARDAR overpass tracks within 1,000 km of Cape Grim
(green) and within 250 km of Cape Grim (red, oﬀset 0.5∘ eastward for
clarity) during August 2013. The 1∘×1∘ gridded ERA-Interim data used
in this analysis are also indicated.
set for this analysis in section 2.3. Results are presented in section 3, where a
case study of a cold front over Cape Grim is ﬁrst used to illustrate the cloud
detection algorithm before a statistical cloud overview is presented. Later
in section 3, we quantify the underestimation of low-level cloud occurrence
by DARDAR, before investigating mixed-phase partitioning in midlevel strati-
form supercooled liquidwater clouds. A discussion section then precedes our
conclusions.
2. Data Analysis
2.1. Raman Lidar
A Leosphere R-MAN510 Raman UV polarization lidar was located at Cape
Grim between May 2013 and May 2014. The location of Cape Grim is marked
in Figure 1 along with the locations of the DARDAR curtains during August
2013. The lidar operates at 355 nm and returns the vertically resolved elastic
backscatter signal P(r), where r is altitude, in the parallel and perpendicular
directions. The lidar also has a Raman channel at 387 nm, although the Raman
data are not required for this analysis. Horizontally oriented plate ice crystals
produce nondepolarizing specular reﬂections, which lead to ambiguity in
assigning cloud phase in a vertically pointing lidar system. To avoid this eﬀect,
the lidar is tilted at 4∘ oﬀ zenith, which ensures unambiguous cloud phase
identiﬁcation. Data collected from July 2013 until February 2014 inclusive are analyzed due to the higher data
availability between these months. The fraction of time each month at which the lidar is operational is illus-
trated in Figure 2, where it is apparent that only 2 months had lidar data collection exceeding 80%. The total
number of days on which any lidar data were collected during this period is 141.
The vertical resolution of the lidar is 15m, and the temporal resolution is 1min. To increase the signal-to-noise
ratio of thin cloud layers, we temporally average the data for 5 min. We retain the original vertical resolution
of 15 m in the data processing because of the desire to determine accurately the altitudes of the cloud bases
and cloud tops. ERA-Interim reanalysis data (Dee et al., 2011) provide the background temperature data for
the Cape Grim lidar analysis. The 6-hourly reanalysis data are interpolated to the same temporal and vertical
grid spacing as the lidar data set, and the four closest reanalysis points around Cape Grim are then averaged
to produce one temperature data set.
The range-corrected returned backscatter signal proﬁles r2P(r) provided by the lidar are uncalibrated and
so require correction for laser output energy and other instrument-speciﬁc variables. The calibration is per-
formed by normalizing the value of r2P(r) observed during cloud-free nighttime intervals between 2.5 and
5.5 km to that expected by molecular scattering alone. We deﬁne a cloud-free night as one during which no
clouds are detected by our algorithm. This layer is above the boundary layer where aerosol eﬀects would be
expected to be largest but lowenough to ensure consistently high return signal power. ERA-Interim reanalysis
data provide the background atmospheric parameters needed to determine the molecular scattering. The
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Figure 2. The fraction of time each month for which the lidar is
operational.
background signal return count of the lidar system decreases over the July to
Februaryperiod. For agivenday, the calibration factor is themeandetermined
over a 5 day interval (±2 days). If ﬁve consecutive days are cloudy at altitudes
below 5.5 km, or the lidar does not operate during nighttime, a three-point
smoothed monthly mean background is used instead.
There is incomplete overlapbetween theCapeGrim lidar’s transmissionbeam
and the ﬁeld of view of the receiver below 0.5 km altitude as the two are
not coaxial. Thismanifests itself as a consistently increasing backscatter signal
with altitude from the surface up to∼0.5 kmaltitude, as an increasingly larger
fraction of backscattered laser light is incident upon the telescope. The cloud
detection algorithmdetailed belowﬁnds cloudbaseswhere thebackscattered
lidar signal increaseswithaltitude. Thus,without correction for this incomplete
overlap, cloud base detection is not possible below about 0.5 km. In order
to decrease the minimum altitude at which cloud bases may be detected,
we experimentally characterize an overlap function using cloud-free proﬁles.
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This overlap function is used to correct the return signal at altitudes below 0.5 km so that the background
(cloud-free) backscattered signal decreases with increasing altitude.
2.2. Cloud Boundaries and Phase Classiﬁcation
2.2.1. Detection of Cloud Boundaries
The cloud boundary detection algorithm of Wang and Sassen (2001) is applied to the Cape Grim lidar data,
with somemodiﬁcations as detailed below. Requiring the backscatter signal from three consecutive altitudes,
each with a larger return signal than in the altitude below, is a necessary precondition for identifying a pos-
sible cloud base height (Wang & Sassen, 2001). However, we ﬁnd for our lidar that two consecutive altitudes
with increasing backscatter for cloudswith base T<0∘Cprovide a better initial detection. The spurious signals
introduced at this stage by this lower threshold (i.e., two altitudes instead of three) are removed by later
speckle removal algorithms. The small vertical-scale gradients within a single backscatter proﬁle are deter-
mined by linearly ﬁtting the backscatter proﬁle over 200 m altitude, stepping up in altitude by 15 m (Wang &
Sassen, 2001). A possible cloud base must meet two further conditions: (i) the backscattered signal exceeds
one standard deviation of the gradient; and (ii) the backscattered signal exceeds the noise level, which is
determined from a cloud-free nighttime reference.
The detection of cloud top height by lidar is complicated by the attenuation of the laser signal within the
cloud. Indeed, lidars cannot resolve cloud top height where cloud optical depths exceed about three.
We determine the gradient in r2P(r) using the three altitudes immediately beneath the cloud base (i.e., the
background clear-sky gradient signal) and then determine the minimum height above cloud base at which
r2P(r) falls beneath this clear-sky gradient. A cloud top height is classiﬁed as eﬀective if the gradient of r2P(r)
above the cloud top height is 0 and strong signal attenuation (deﬁned as either aminimum in-cloud gradient
of<−7m−1 sr−1 km−1 or an above-cloud gradient of 0; Wang & Sassen, 2001) occurs within the cloud. Other-
wise, the cloud top height is classiﬁed as actual. The Cape Grim lidar results indicate that 30–40% of all clouds
fully attenuate the laser signal.
Multiple cloud decks can be resolved by this algorithm, assuming that suﬃcient lidar signal penetrates the
lower level cloud(s). This cloud detection algorithm is based on gradients of the backscattered signal, not
its calibrated value; thus, detection of weak upper-layer clouds is still achievable provided suﬃcient signal is
returned. We extend the Wang and Sassen (2001) algorithm into our cross-polarization channel. While faint
ice clouds donot produce suﬃcient backscatter to pass thedetectability criteria in the copolarization channel,
their strong depolarization results in a detectable signal in the cross-polarization channel. The same cloud
base and cloud top detection algorithm is run for the cross-polarization channel. Ice clouds in the cross-
polarization channel are retained and used in the production of the ﬁnal merged cloud data product.
During periods of fog, drizzle, or rain, or where there is very low cloud base (apparent from a visual inspection
of thedata), the algorithmcannotdeterminea cloudbaseheightdue toweakornonexistent vertical gradients
in return signal power beneath the base. Visual inspection of the data reveal that cloud base heights below
about 50 m, especially during periods of rain or drizzle, are ill deﬁned. These ill-deﬁned periods occur in less
than 5% of the proﬁles in which clouds are identiﬁed. As these are the lowest-level clouds, we can apply a
threshold to determine where the lidar’s backscatter values are above the background molecular scattering:
the highest altitude where this is true is the eﬀective cloud top height (it is always an eﬀective top because of
the complete attenuation of the lidar signal by these clouds). The cloud base height is nominally assigned a
value equal to the lowest nonzero altitude (i.e., 15 m).
2.2.2. Cloud Phase Determination and Virga Detection
Lidar-based cloud classiﬁcation schemes can use simple depolarization 𝛿 thresholds; for example, 𝛿 > 0.11
deﬁned ice clouds (Intrieri et al., 2002) or discrete 𝛿 thresholds based upon a range of lidar backscatter 𝛽
(Shupe, 2007). We follow the method of Hu et al. (2009) here, where the boundary between ice and water is
a linear function of layer-integrated calibrated backscatter 𝛽 and layer 𝛿. Integration of the 𝛽 and 𝛿 over the
cloud layer also reduces noise inherently associated with determining cloud phase using individual pixels.
The presence of horizontally oriented plate-like ice crystals in the liquid water subset is negligible given the
oﬀ-zenith lidar tilting.
An additional constraint is imposed upon the cloudphase, such that all cloudswhere the ERA-Interim reanaly-
sis temperatures are> 0∘C are classiﬁed as liquid and all cloudswhere temperatures are<−40∘C are classiﬁed
as ice. To remove isolated speckledpoints in thedata set, a coherenceﬁlter is applied to the cloudphase.Weuse
a 5 × 5 grid of pixels and set the central pixel to clear if more than 15 pixels themselves are clear, in a similar
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Figure 3. The cloud occurrence frequency calculated using all
data (solid lines) and only data within 1 day of surface-based lidar
observations (dashed lines) for (a) DARDAR-250 and (b) DARDAR-1000.
approach to Shupe (2007). If the central pixel is not clear, unless there aremore
than 5 pixels of the same phase as the central pixel, the central pixel is set
to the most plentiful cloud phase within the grid. Diﬀerent sized grids were
tested, but this 5 × 5 grid size was found to be the optimal balance between
retaining cloud pixels at the edge of clouds and rejecting most noise.
Ice virga are classiﬁed separately from their overlying supercooled liquid
water cloud layer. The boundary between the top of the virga and the base
of the overlying cloud is readily determined based on diﬀerent gradients in
lidar return signal power (Wang & Sassen, 2001). These ice virga are observed
beneath some supercooled liquid layers. Precipitating supercooled liquid
water clouds present directly above ice virga can be classiﬁed as “mixed-
phase” clouds, although thesemixed-phase clouds are included in the super-
cooled water category for this analysis.
Midlevel stratiform altocumulus clouds are readily identiﬁed in lidar backscat-
ter return proﬁles by their strong backscatter in the copolarization channel
and low depolarization ratio. These clouds usually persist for tens of minutes
to a few hours and generally do not change in altitude by more than a few
hundredmeters or so during their observation by lidar (Ansmann et al., 2009).
Heterogeneous ice formation in these supercooled liquid clouds does not
commonly commence until cloud top temperatures fall below−10∘C to−20∘C
(Ansmann et al., 2009; Kanitz et al., 2011; Seifert et al., 2010). The presence of
aerosols and dust result in a higher proportion of these midlevel clouds pre-
cipitating ice virga for a given temperature than in cleaner conditions (Kanitz
et al., 2011). The ice virga detected by our cloud algorithm are used to investi-
gate the proportion of these supercooled liquid clouds which precipitate ice
virga at various cloud top temperatures above Cape Grim.
2.3. DARDAR
DARDAR data are gridded at 60 m in the vertical and 1 km in the horizontal.
DARDAR v2.2.1 data are used in this analysis (Ceccaldi et al., 2013). Figure 1
showed the location of the CALIOP and CloudSat curtains relative to Cape
Grim. It is clear that the satellites do not pass directly overhead of the lidar.
To make the closest comparison with the surface data, we spatially average
DARDAR. At a typical midtropospheric wind speed of 20 m s−1, a contiguous
cloud layer observed by the Cape Grim lidar for 15 min (i.e., three temporal bins) will have a horizontal extent
of 18 km; thus,weaverage theDARDAR into18 kmalong-trackbins. Altering thehorizontal averagingdistance
has little eﬀect on the results presented below.
Threediﬀerent subsets ofDARDARareused to compare cloudproperties indiﬀerent spatial regionswith those
obtained by the Cape Grim lidar: (i) data within 250 km of the Cape Grim lidar, referred to as DARDAR-250;
(ii) data within 1,000 km of Cape Grim, referred to as DARDAR-1000; and (iii) Southern Ocean data (40∘S–65∘S
and 100∘E–160∘E, the same region deﬁned by Huang et al., 2012), referred to as DARDAR-SO. Most of the
comparisons between the surface lidar and DARDAR are performed using the DARDAR-1000 subset. Results
from the DARDAR-250 region are similar to the DARDAR-1000 results presented below, except that the
smaller spatial region has somewhat noisier proﬁles due to the lower amount of data. There are 184 separate
DARDAR-1000 curtains and 44 separate DARDAR-250 curtains during the time period analyzed.
Signiﬁcant temporal data gaps exist in the Cape Grim lidar record (see Figure 2). The DARDAR-1000 data set
is further screened to retain only data within 1 day of data collected by the surface-based lidar. This time
period allows ample time for the propagation of synoptic-scale meteorological features through the domain
of the satellite data set. Varying this for similar time thresholds has little eﬀect on the results. We demon-
strate in Figure 3 the small diﬀerence in cloud occurrence frequency at each altitude for both DARDAR-250
and DARDAR-1000 when subsampling the original DARDAR data sets within 1 day of surface-based lidar data
collection. This diﬀerence is minimal for the DARDAR-1000 data set but somewhat larger in the midtropo-
sphere forDARDAR-250. The cloudoccurrence fraction is determined as the ratio of thenumber of times cloud
is present at each altitude to the number of times that altitude is sampled.
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Figure 4. DARDAR results from the overpass of Tasmania at 0424 UT, 20 October 2013: (a) DARDAR instrument ﬂag
(for temperatures below 0∘C) and target mask (for temperatures above 0∘C); (b) DARDAR cloud classiﬁcation.
Temperatures from ERA-Interim are also marked (units of ∘C). (c) The path of the CALIOP and CloudSat satellites are
indicated (red line), along with Cape Grim (black circle). (d) ERA-Interim surface pressure at 0000 UT on 20 October
(blue lines, units of hPa) along with the location of the cold front (red line).
3. Results
We present an example of the evolution of the cloud structure and phase during the passage of a cold front,
using data from the Cape Grim lidar, along with a curtain of DARDAR results close to Cape Grim. Following
this, we discuss statistical cloud properties of the data sets before focussing on an analysis of low-level clouds
and in particular the satellite/surface-based lidar diﬀerences. Lastly, we examinemixed-phase partitioning of
midlevel supercooled liquid water clouds.
3.1. Cloud Structure and Phase During the Passage of a Cold Front
A cold front passed over Cape Grim on 20 October 2013. The sea level pressure, together with the position of
the cold front, are shown for 0000 UT on 20 October 2013 in Figure 4d. The 10 m horizontal wind ﬁeld from
ERA-Interim is used to calculate the location of the cold front. Following Simmonds et al. (2012), a possible
frontal boundary is deﬁned at locations where the 10 m winds change from the northwest to the southwest
quadrant between 6-hourly time steps and themagnitude of themeridional velocity change exceeds 2m s−1.
Weapply a cluster analysis to remove isolatedpoints tentatively identiﬁedas fronts and retain theeasternmost
points of each frontal object, before performing repeated smoothing ﬁlters on the resultant longitude time
series. The frontal points that pass these conditions are then deﬁned as the front at time step t + 6 h, which is
in closer correspondence to other synoptic ﬁelds at this time step than at time t (Papritz et al., 2014). Note that
the algorithm to determine the location of the cold front is independent of sea level pressure, yet good
agreement between the location and the trough of low pressure is evident in Figure 4d.
The DARDAR instrument ﬂag, target mask, and cloud classiﬁcation scheme for an overpass of the satellites
containing the CALIOP and CloudSat instruments are shown in Figures 4a and 4b, respectively, at 0424 UT on
20 October 2013. We combine the separate DARDAR “instrument ﬂag” and “target mask” data products here
because the instrument ﬂag product is related to ice retrieval only, at temperatures below 0∘C. The satellites’
tracks are indicated in Figure 4c. DARDAR identiﬁes thick ice clouds as low as 2 km altitude and cloud tops
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Figure 5. Cape Grim lidar results and output of the cloud detection algorithm from 19 to 20 October 2013. (a) The
calibrated coplanar backscatter signal 𝛽par (logarithmic scale, units of m
−1 sr−1); (b) cloud depolarization ratio 𝛿;
(c) cloud classiﬁcation and temperature interpolated from the ERA-Interim reanalysis (lines, units of ∘C).
at about 10 km. Note that both CALIOP lidar and CloudSat radar data are required to obtain the full depth of
the clouds.
The passage of a cold front is characterized by a lowering of the cloudbasewith time, as is apparent in Figure 5
from the Cape Grim lidar results. High ice clouds (cirrus) above about 7 km altitude are present during the
ﬁrst few hours of this case, as well as midlevel water clouds with ice virga at 4.5 km. Midlevel clouds remain
visible throughout the remainder of this frontal passage. Low-level (< 500 m altitude) water clouds occur
from 0700 UT on 20 October onward. Multiple cloud decks are readily detected by the algorithm if there is
suﬃcient high-altitude signal (e.g., 1700UT on 19October), but thick, low-level clouds fully attenuate the lidar
backscattered signal at various times from 0700 UT on 20 October. The higher noise level is clearly evident in
the upper troposphere during local daytime (from ∼1900 UT on 19 October), which restricts the recoverable
cirrus cloud information at this time.
3.2. Statistical Cloud Properties
Themonthly cloud fraction calculated from DARDAR and the surface lidar are shown in Figure 6 for July 2013
to February 2014 alongwith the International Satellite CloudClimatology Project (ISCCP) climatology (Rossow
& Schiﬀer, 1999; Schiﬀer & Rossow, 1983). Thesemonthly fractions for surface and satellite results are the ratio
of the number of cloud observations at any altitude to the total number of observations made each month,
excluding rainfall and aerosol. Cloud coverage fraction calculated from the Cape Grim lidar data are lower
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Figure 6. Monthly cloud fraction reported by the Cape Grim lidar (black),
DARDAR-1000 (green), and DARDAR-SO (blue). The solid DARDAR lines
indicate data that are subset to be within 1 day of a surface-based
observation, while the dashed DARDAR lines indicate cloud fraction
using all data. The ISCCP climatology from the grid point closest to
Cape Grim is also marked (gray).
than that calculated from the DARDAR-1000 data set. It is possible that some
of this deﬁciency in total cloud cover reported by the surface-based lidar is
due to its diﬃculty in resolving cirrus clouds during daytime. The monthly
cloud cover is about 5% larger for both DARDAR-1000 and DARDAR-SO
regions, when considering the full data sets (dashed lines in Figure 6).
The occurrence distribution frequencies of cloud base height and cloud top
height for the Cape Grim lidar along with DARDAR-1000 and DARDAR-SO are
shown in Figure 7. Each cloud layer at times of multiple cloud decks is treated
as a separate event in the data sets. The Cape Grim occurrence distributions
are for cloudswhere backscatter signal is present above the cloud and thus do
not include thick cloud, near-surface cloud, or fog. Similarly, the occurrence
distributions for theDARDARdata are for proﬁleswithout the unknown classi-
ﬁcation beneath a cloudbase. The cumulative distribution frequencies shown
here in Figure 7, and in subsequent plots, are normalized. The actual number
of data points used to form these distributions is diﬀerent for each of the lidar
and satellite data sets. The DARDAR regions indicate more bases and tops at
higher altitudes than Cape Grim. The lidar reports about 60% of cloud bases
below 1.0 km compared with<20% for DARDAR. Similarly, the surface-based
lidar results indicate that about 35%of cloud tops are below1.0 kmcompared
with <10% for both these DARDAR regions.
3.3. Low-Level Cloud Statistics
We examine the distribution of the lowest cloud base from each proﬁle in the surface and DARDAR-1000 data
sets in Figure 8. This avoids the limitations due to Cape Grim lidar signal attenuation of higher-level clouds
when thick multiple cloud decks are present. The probability distribution of DARDAR is shifted to higher alti-
tudes compared with Cape Grim. The surface-based data indicate that 50% of all cloud base heights occur
below500maltitudeand70%below1kmaltitude. This contrastswith the10% forDARDAR-1000below500m
altitude and about 30%below1 kmaltitude. The steepgradient of theDARDAR curve indicates that a substan-
tial proportion of the satellite-derived lowest cloud base heights are between 1 and 2 km altitude. Including
theDARDAR rain classwith theDARDAR clouds does not account for the satellite-basedunderestimate of low-
level cloud compared with the surface-based observations.
To investigate further the regions of the troposphere where cloud detection by radar or lidar predominantly
occurs around Cape Grim, the cloud base height and cloud top height cumulative probability distributions
for the Cape Grim lidar and DARDAR-1000 at times when only a single layer of cloud was detected, and signal
is observed on the farside of the cloud, are shown in Figure 9. Figure 9 indicates that the “radar only” (i.e., from
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Figure 7. The cumulative probability distributions of cloud base height
(solid lines) and cloud top height (dashed lines) for the Cape Grim lidar
data (black), DARDAR-1000 (green), and DARDAR-SO (blue) where
suﬃcient signal is present on the farside of the cloud.
CloudSat) has lower cumulative probabilities below 1 km than the “lidar only”
(from CALIOP).
The cloud occurrence fractions at each altitude are presented in Figure 10 for
multiple clouds and single clouds with liquid tops. The occurrence fraction
is the ratio of the number of times cloud is present at each altitude to the
number of times that altitude is sampled. For these data, a cloud occurrence
fraction of 0.02 corresponds to ∼ 800 events recorded in the Cape Grim data
set and ∼190 events in the subset DARDAR-1000 data set (i.e., subset to only
include data within 1 day of surface observations; however, the distribution
is very similar for the full DARDAR-1000 data set—not shown). The satel-
lites pass over regions of mountainous terrain of altitude < 1 km (e.g., to
the southeast of Cape Grim, over central Tasmania; see Figure 1). In forming
the DARDAR regional cloud occurrence fractions, observations ﬂagged as
“ground” in the DARDAR data products are not included in determining the
number of times which that particular altitude is sampled. The results shown
below do not change if we replace all ground classiﬁcations in the DARDAR
data set with a “cloud” classiﬁcation; nor do the results change if the entire
vertical proﬁles above mountainous regions are excluded from the DARDAR-
1000 analysis.
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Figure 8. The cumulative probability distributions of the lowest
detected cloud base height for each proﬁle for the Cape Grim lidar
(black) and DARDAR-1000 (green). The lowest altitude is at 50 m.
The DARDAR-1000 cumulative probability also including the “rain”
classiﬁcation is indicated by the dashed green line.
Proﬁles that have more than one discrete cloud layer are extracted to form
Figure 10a. This result is formed from vertical proﬁles that do not have the
unknown on the farside of the cloud for DARDAR nor the “eﬀective” cloud top
height for Cape Grim; that is, suﬃcient signal is present on the farside of
the cloud. As such, these cloud fractions will be lower bounds of their actual
occurrence as thick clouds are discarded in this analysis. The largermiddle- and
upper-tropospheric cloud occurrence is clearly apparent in DARDAR-1000.
We extract the subset of clouds that are single layer, suﬃciently thin for signal
to be present on the farside of the cloud, and that have a liquid cloud top
phase. These conditionsmaximize the likelihood thatboth surface-based lidar
and DARDAR are observing the full vertical extent of the same clouds. The
results, presented in Figure 10b, indicate a similar, albeit low, cloudoccurrence
fraction above ∼1.5 km altitude. Below ∼1.5 km altitude, a much higher frac-
tional cloud occurrence is reported by the surface-based lidar than DARDAR-
1000. Although not shown here, we note that the DARDAR-250 data are
similar to Figure 10, albeit with more noise.
3.4. Supercooled Liquid Water Clouds
The supercooled liquidwater (SLW) cloudoccurrence, represented as the frac-
tion of all observations, is shown in Figure 11. The Cape Grim lidar cloud
classiﬁcation algorithmdetailed above incorporatesmixed-phase as part of its “SLW” class. TheDARDAR-1000
combined “SLW +Mix” classes shows a similar vertical distribution to the Cape Grim results. Peak SLW occur-
rence is∼1.5 km altitude in the Cape Grim data set and 2 km altitude in the DARDAR-1000 data set. This oﬀset
of 0.5 km in the peak SLW occurrence between ground-based lidar and DARDAR is likely attributable to the
attenuation of signal through these optically thick clouds and the diﬃculty of these satellites to observe fully
low-level clouds, resulting in an underestimate of SLW. Both DARDAR-1000 and the surface data have a low
SLW occurrence fraction in the midtroposphere, decreasing to negligible values above 7–8 km altitude.
Midlevel stratiform clouds are present in the lidar copolarization returns, for example, from 1200 UT on
19October at 4.5 km in Figure 5. These clouds are less complex than convective clouds for studying heteroge-
neous ice nucleation and additionally, for at least some of the observation of the cloud, are usually suﬃciently
transparent to lidar to enable a determination of cloud top height. To investigate mixed-phase partitioning
over a range of cloud top temperatures of these midlevel stratiform clouds in the vicinity of Cape Grim, we
retain SLWcloud layers that persist for at least 15min, have an “actual” cloud topheight for at least one vertical
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Figure 9. Cloud base (solid lines) and cloud top (dashed lines) height
cumulative probabilities for single-layer clouds for Cape Grim where
there is signal on the farside of the cloud (black), all DARDAR-1000
data observed by either CloudSat or CALIOP (red), DARDAR-1000 data
which CALIOP only observes (blue), DARDAR data which only CloudSat
observes (green), and DARDAR-1000 data which both CALIOP and
CloudSat observe (yellow).
proﬁle within the cloud, remain at fairly constant altitude during the observa-
tion interval (cloud base height changes less than<0.5 km), and have vertical
extent of <0.5 km (Ansmann et al., 2009). Cloud tops need to be deter-
mined as heterogeneous nucleation typically begins in this coldest part of
the cloud (Rauber & Tokay, 1991). The ice virga detected using the method
described in section 2 allows separation of an individual cloud layer into pre-
cipitating (thus, likely mixed phase) or nonprecipitating (assumed to be pure
supercooled liquid water). We assume that the presence of ice virga below
a supercooled liquid water cloud is evidence that in-cloud thermodynamic
conditions are appropriate for ice formation which increase in size and so
precipitate out of the cloud quickly (Ansmann et al., 2009). Thus, a super-
cooled liquid water (SLW) cloud with ice virga beneath is classiﬁed as an
“ice-containing cloud” (or “mixed-phase cloud”), while clouds without virga
are pure liquid water.
Figure 12 shows the fraction of these midlevel SLW clouds which precipi-
tate ice as a function of cloud top temperature. Data from ﬁeld campaigns
adjacent to the Southern Ocean presented by Kanitz et al. (2011) are over-
plotted for reference: although for clarity their uncertainties are not added,
we note that these are mostly around ±10%. The uncertainties on the Cape
Grim data indicate the standard error 𝜎=
√
f (1 − f )∕nwhere n is the number
of clouds and f the fraction of ice-precipitating clouds (Seifert et al., 2010).
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Figure 10. The cloud occurrence fraction at each altitude for Cape Grim
(black) and DARDAR-1000 (green). (a) Cloud occurrence fraction for
multiple clouds present in vertical proﬁles. (b) Cloud occurrence fraction
for single clouds present in vertical proﬁles, where the highest cloud
top phase is liquid.
The atmosphere above Cape Grim shows heterogeneous ice glaciation in
these midlevel supercooled water clouds similar to other midlatitude sites
adjacent to the Southern Ocean (Punta Arenas and Stellenbosch), although
the Cape Grim data are from a longer-duration campaign. A large increase in
the fraction of ice-containing clouds is evident above Cape Grim as the tem-
perature falls below about−20∘C. The Cape Grim cloud algorithmmay report
a cloud eﬀective topheight at someormost time stepswhenobserving a SLW
cloud; thus, a limitation of this technique is in the assumption that cloud top
height of these clouds does not vary enough tomove a cloud into an adjacent
cloud top temperature bin.
The fraction of glaciating midlevel stratiform supercooled clouds (i.e., clouds
that have icewithin 0.5 kmof the base of thewater layer) in theDARDAR-1000
data product that have horizontal extent of at least 18 km is shown in
Figure 12. We have assumed that ice directly below a supercooled layer is due
to glaciation within the supercooled cloud itself and also note that reduc-
ing the horizontal averaging threshold results in a similar distribution to that
presented here. The DARDAR-1000 show a similar step in the fraction of
glaciating SLW clouds as reported by the CapeGrim lidar. Half of the observed
midlevel supercooled clouds are glaciating at −20∘C according to the Cape
Grimdata set, while theDARDARdata set indicates that half are glaciating at a
warmer −15∘C.
4. Discussion
CloudSat underreports the presence of cloud in the lowest altitudes primar-
ily due to surface radar clutter. CALIOP underreports cloud in these lowest
altitudes when its lidar signal is extinguished by higher-level thick cloud.
Neither the space-based nor surface-based observations provide the ulti-
mate “truth” of cloud throughout the troposphere. Nonetheless, comparisons
between data products derived from observations made with these remote
sensing instruments can illuminate the degree by which the lower tropo-
spheric clouds are underestimated by satellite. Blanchard et al. (2014) used
surface-based lidar and radar at Eureka, Canada (80∘N), to demonstrate a 25%
deﬁcit of clouds below 0.5 km altitude (and a 10% deﬁcit at 0.5–1.0 km) com-
pared with surface-based instruments. CloudSat and CALIOP underestimate
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Figure 11. The total supercooled liquid cloud occurrence fraction
(which includes mixed-phase clouds) at each altitude for the Cape
Grim lidar (black) along with the total “SLW plus Mix” fraction for
DARDAR-1000 (green).
cloud fraction by about one third around Darwin (12∘S) below 1.5 km com-
pared with combined estimates from surface-based lidar and radar (Protat
et al., 2014). On the other hand, Mioche et al. (2015) showed an overestimate
of low-level cloud fraction by satellite when compared with a surface-based
lidar at Ny-Alesund (78∘N), although the authors attribute this overestimate
to short-duration data set, colocation diﬀerences, or diﬀerent cloud determi-
nation algorithms.
While the lack of a cloud radar at Cape Grim precludes a full analysis of the
diﬀerences between satellite and surface-based instruments throughout the
troposphere, we can estimate the deﬁcit using subsets of the data as was
presented in Figure 10. DARDAR in the northern part of the Southern Ocean
underestimates low-level cloud by a factor of 3. A correction factor is thus
recommended to be applied to the DARDAR low-level cloud occurrences in
this region tomore accurately reﬂect the true low-altitude cloud occurrences.
This factor of 3 is likely to be a lower bound given that the Cape Grim lidar
signal cannot penetrate thick cloud; thus, these thick clouds are not included
in the analysis. When multiple cloud decks are present, the surface-based
lidar also records these low-level clouds about 3 times more often than is
present in the satellite data product. This multiple-cloud result is based on a
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subset of the total number of proﬁles containing multiple cloud decks as the
algorithms require the farside cloud boundary to be deﬁned. Nonetheless,
under such circumstances, a similar correction factor to DARDAR could also
be applied.
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Figure 12. Fraction of midlevel supercooled liquid water clouds
below which ice virga are detected, that is, the fraction of clouds
which are glaciating, at Cape Grim (black) and for DARDAR-1000
(green) compared with observations made by Kanitz et al. (2011) at
Stellenbosch (December 2010 to April 2011, yellow dash) and Punta
Arenas (December 2009 to January 2010, blue dash). The standard
errors for the Cape Grim and DARDAR data are indicated.
An analysis using the full DARDAR-1000data set (rather thandatawithin 1 day
of Cape Grim lidar observations of Figure 10) indicates that DARDAR under-
estimates the 0.2–1.0 km altitude clouds by (i) 3.1 times for liquid-topped
single-layer clouds and (ii) 2.5 times for proﬁles with multiple cloud decks.
Another source of uncertainty in the results is the fact that the CapeGrim lidar
does not collect data continuously (see Figure 2). This could result in incor-
rect determination of parameters such as the surface-based estimate of cloud
fraction, as was found for a reduced data availability study over a midlati-
tude site in the United States (Kennedy et al., 2014). We perform two types of
statistical bootstrapping on the Cape Grim data set to investigate how instru-
ment downtime may aﬀect our results. First, we randomly remove half of the
CapeGrimproﬁles and rerun the analysis,which results in anunderestimateof
the 0.2–1.0 km single-layer clouds of 3.1 times. Second, we randomly remove
half (three quarters) of the days on which lidar measurements were made at
Cape Grim and ﬁnd the underestimate of single-layer clouds to be 3.2 times
(2.7 times). The equivalent changes for random removal of half and three
quarters of the days onwhichmultiple cloud deck observationsweremade at
Cape Grim are 3.1 and 2.0 times, respectively. Monthly surface-based cloud fraction decreases by up to 10%
when either half or three quarters of the days on which Cape Grim lidar proﬁles were obtained are randomly
removed.Weconclude, basedon thesebootstrappingexperiments, that the reportedDARDARunderestimate
of these low-level (0.2–1.0 km altitude) single-layer clouds of about 3 times is robust. We further conclude
that the DARDAR underestimate of low-level clouds at times when multiple cloud decks are present is less
robust andprobably closer to2.5 times, given the spreadof the results obtainedunderdiﬀerentbootstrapping
experiments of ∼2–3 times.
In situ aircraft observations over the Southern Ocean reported by Chubb et al. (2013) indicate the preva-
lence of predominantly liquid low-level clouds with amix of solid and liquid precipitation. This contrasts with
merged satellite data products such asDARDAR,where thin supercooled liquid clouds exist over the Southern
Ocean above a glaciating cloud (Huang et al., 2012). The Cape Grim lidar indicates the presence of these thin
supercooled liquid clouds above ice virga (see Figure 5) and their increasing likelihood of existence for clouds
at colder cloud top temperatures (Figure 12). A similar fraction of clouds above Cape Grim are glaciated when
compared with other sites adjacent to the Southern Ocean (Figure 12). Cloud seeding of ice formation by
higher-altitude clouds was observed in the tropics from lidar (Ansmann et al., 2009). In the Cape Grim data
set, we do not observe evidence of higher-altitude ice acting to seed midlevel supercooled liquid clouds,
a result which is in agreement with other midlatitude observations (Seifert et al., 2010). Supercooled liquid
layer clouds present in the DARDAR-1000 data set indicate a similar fraction of glaciation to the Cape Grim
data, except that the 50%glaciation occurs about 5∘C (one cloud top temperature bin) warmer in the satellite
data product. Diﬀerences between the fraction of glaciated clouds reported by surface-based instruments
(using both radar and lidar) and by CALIPSO and CloudSat (not the DARDAR data set) were examined by Bühl
et al. (2013). The 50% glaciating threshold is about 5∘C higher in the satellite data than in the surface-based
lidar data collected in Germany, which is the same as present in the Cape Grim data (Figure 12). The value of
additionally having a surface-based radar to measure precipitating ice, some of which is likely undetectable
by lidar, results in a shift in the distribution of glaciating clouds to higher temperatures. Thus, the higher sen-
sitivity of a surface-based radar to detect ice crystals can be used to reconcile surface-based and space-based
diﬀerences (Bühl et al., 2013).
5. Conclusions
Using data collected by a depolarization lidar located at Cape Grim (41∘S) between July 2013 and February
2014, we construct a climatology of cloud parameters and compare with the DARDAR v2.2.1 satellite data
products obtained within 1,000 km of Cape Grim (referred to as the DARDAR-1000 data set). The parallel and
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perpendicular backscattering signals from the CapeGrim lidar are used to determine cloud boundaries, cloud
eﬀective tops, cloud phase, and ice virga as described by the algorithm above.
The Cape Grim lidar indicates that for the lowest-level clouds in each proﬁle, 70% of cloud base heights are
below 1 km altitude. This contrasts with the lowest-level clouds in each vertical proﬁle reported by DARDAR-
1000,which have 20%of cloudbase heights below1 kmaltitude. By extracting vertical proﬁles of cloudwhich
are single layer, suﬃciently thin for signal to be present on the farside of the cloud, and which have a liquid
cloud top phase, wemaximize the likelihood that both surface-based lidar andDARDAR are observing the full
vertical extent of the same clouds. These conditions allow us to compare the cloud occurrence frequencies
reported by satellite and surface-based lidar. For these conditions, the cloud occurrence fraction is 3 times
greater in the 0.2–1.0 km altitude range for the CapeGrim lidar than that reported byDARDAR. Thus, a correc-
tion factor of about 3 should be applied to the DARDAR cloud occurrence frequencies in this northern region
of the Southern Ocean when single-layer liquid cloud tops are present. For multiple cloud decks, a correction
factor of about 2.5 can be applied, although this value has a higher uncertainty. The issue of being not able to
resolve many low-level clouds is more critical over the Southern Ocean than most other locations worldwide
given the preponderance of low-altitude cloud in this region.
Heterogeneous cloud glaciation in thin supercooled liquid water clouds above Cape Grim is similar to that
reported during summer campaigns at two other Southern Hemisphere sites abutting the Southern Ocean.
The fraction of glaciating clouds reaches 50% as cloud top temperatures fall to −20∘C. The DARDAR results
show that this transition to predominantly glaciating clouds occurs around −15∘C. This discrepancy of 5∘C is
consistent with results from the Northern Hemisphere and represents a limitation of only having a surface-
based lidar to observe precipitating midlevel stratiform clouds.
Comparisons with the DARDAR satellite data products in the vicinity of Cape Grim quantify the fraction by
which DARDAR underestimates low-level clouds at the northern edge of the Southern Ocean. While the
liquid-ice partitioning ofmidlevel stratiform supercooled liquid water clouds is similar, albeit shifted to colder
temperatures, between lidar and DARDAR, a surface-based cloud radar would likely allow reconciliation
between satellite and surface observations of these clouds in the Southern Ocean region. Indeed, the inclu-
sion of a surface-based cloud radar and a microwave radiometer in future studies of Southern Ocean clouds
across a range of latitudes would permit satellite retrieval evaluation throughout the troposphere and a full
quantiﬁcation of cloud fraction and phase of the ubiquitous low-level clouds as well as higher-level clouds.
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